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NOTICE

This report was prepared as an account of Government sponsored
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and Space Administration (NASA), nor any person octing on
behalf of NASA:
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this report.
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ABSTRACT

The Space Power and Propulsion Section has been under contract since
April 29, 1965 to the National Aeronautics and Space Administration for the
design, fabrication, and testing of journal bearings which possess charac-
teristics required for use in space power systems. Requirements include
long term unattended operation under zero ''g" conditions using low Kinematic
viscosity lubricants such as potassium liquid a: teimperatures up to 1200°F.

The program represents a continuation of work carried out under contract
NAS 3-2111, and involves the testing and evaluation of bearings under
conditions of angular and transverse linear misalignment, and non-rigid
bearing supports. The four-pad pivot-pad and the three-lobed journal bearings
shall be tested after the bearing test assembly including instrumentation have

demonstrated the ability to obtain the required data.

The program will be a continuation of experimental investigations
paralleled by analytical studies. These analytical investigations will
compare the physical testing of bearing parameters with results based on
theoretical assumptions. The goal of such experiments is to generalize the
various bearing parameters thereby extending the usefulness of the results
as design tools. The experimental tool of this program is a high speed test
assembly comprised of a rotor and two test bearings which permits interchangea-
bility of bearings and rotor. The lubricant will be distilled water, tempera-
ture-controlled to simulate the kinematic viscosity of potassium liquid at

temperatures up to 600°,
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The specific requirements of the system are:

1.

2.

Shaft speed

Inlet lubricant temperature
Inlet lubricant supply pres
Bearing linear misalignment
Bearing angular misalignmen
Nominal bearing diameter
Bearing L/D ratio

Diametral clearance

sure

t

3600 to 30,000 rpm

70 to 150°F

0 to 150 psia

0 to 0.004 + 0.0005 in.

0 to 400 + 12 sec.

1.25 in.
1
0.005 in.

The program will be performed in two tasks, the first of which will be

the modification of the existing bearing test assembly and instrumentation

and a demonstration of the ability to obtain accurate data. Task II will

involve testing and analysis of the four-pad pivot-pad and three-lobed bearings.

The present report covers progress during the quarter ending April 29,

1966.
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SUMMARY

During this reporting interim the bearing test rig was transferred from
the Research and Development Center in Schenectady, New York to the Space
Power and Propulsion Section facilities in Evendale, Ohio. All project
purchased hardware was relocated and facility modification to accept the

new test rig and its associated equipment was initiated.

The design of a self-aligning pivoted-pad bearing with two values of
preloading was completed and manufacturing was begun. Fabrication of a
three-lobed bearing and a back-up test shaft was also initiated. A decision
to employ optical tooling for the determination of the specified conditions
of both angular and transverse misalignment of the test bearings was made,

and the required equipment was ordered.

Several pretest feasibility and calibration tests of both force and

displacement measurements were accomplished.

A digital data recording system will be employed to record dynamic
bearing characteristics. The design of the equipment necessary to accomplish
this technique of data acquisition has been essentially completed, and pro-

curement of the necessary components is in process.

An analysis of the preloaded pivoted pad bearing was made to guide test
planning. Rotor bearing response data over ranges of speed, side load and

unbalance is presented.

The program schedule is shown in Figure 1.
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Forecast
fohudaiihutudidig

During the next quarter, the fabrication of test bearings and the
modification of the existing components will be completed. The test
facility and associated equipment will be completed and installed. All

pretest calibration will be finished and the test rig will be checked out.

In addition, the rotor response program and the data reduction program
will be completed and checked. The various test parameters and the test

plan will also be completed.

-Xii-




I. MECHANICAL DESIGN

During this quarter, a decision to use optical techniques to set the
conditions of bearing misalignment was made and the required components were
ordered. The design of the self-aligning pivoted pad bearing was completed
and placed on order. Also being fabricated during this interim were the
backup test shaft and the two required three (3) lobed bearing assemblies.
In addition, several items required for calibration and/or feasibility tests

were completed and necessary testing performed.

1. Bearing Alignment

As indicated in the Abstract of this report, the program requirements
specify that the bearings be tested under conditions of angular and/or
transverse misalignment of 400 + 12 seconds and/or 0.004 + 0.0005 inch,
respectively. The loss of bearing clearance resulting from different
combinations of these misalignments are shown in Figure 2, which also in-
dicates that the condition of angular misalignment is the more serious
problem. The loss of bearing diametral clearance due to angular misalign-
ment is approximately six times greater than that due solely to the trans-

verse misalignment condition.

Three alignment systems have been evaluated for setting the prescribed
misalignment during test rig assembly. The first is the "Proficorder" * (Figure 3)
described in reference 1 . It comprises an extremely accurate rotating
spindle (less than 3 micro inch run out) with a contact sensing head which
electronically records the surface contour on a polar chart. A similar
available tracing instrument, the "Talyrond™* (Figure 4) was also investigated. This
, Man,=-Micromeirical Corporation

** Model - 50 "Talyrond", Man -Rank Taylor Hobson
._1—




instrument has a rotating spindle of the same accuracy as the Proficorder
and employs a pivoting extension arm attached to the spindle for sensing

the surface contour to be measured.

Both of these alignment methods require removal of the test rig from
the support structure and set up on the above tracing instrument. In
addition, misalignment must be determined by contour measurement in several
planes normal to the bearing axis, with subsequent interpretation and

remeasurement to obtain the necessary misalignment setting for the test.

A third alignment method has been investigated which promises greater
accuracy regarding angular misalignment and considerable increase in ease
of adjustment reading of misalignment. The technique involves use of a
micro-alignment telescope in conjunction with very precise targets,
capable of measuring squareness of the target's surface to the telescope
axis by either auto-reflection or auto-collimation, in addition to deter-
mining linear transverse measurements. Much of the accuracy of such an
optical measuring system is dependent upon the accuracy to which the targets
are fabricated, and the means for locating these targets in or on the item
to be inspected. The selected target design contains narrow cross-hairs
and concentric circles, the center of which is located within 20 micro-inches
of true center. In addition, the reflecting surface of the targets will be
square to centerline of the target holder within': 1 second of arc. Location
of the target holder inside the bore of the various test bearing configura-
tions within 20 micro-inches is accomplished by utilizing a tapered external

surface (0.00025 inch per inch of length).




A comparison of the.above three . methods for measuring the alignment of

the test rig was undertaken. The basis for such a comparison was the total
possible error resulting from each alignment configuration and the tolerances
of the equipment, in addition to the estimated readability of the data re-
sulting from the inspection media.* The comparative conditions were (1) zero
alignment, (2) four mils transverse misalignment with zero angular misalign-
ment, and (3) a combination of both four mils transverse and 400 seconds
angular misalignment. The results of the investigations are listed in
Figure 5 and indicate that all three techniques will resolve transverse
linear movement within 46 to 126 micro-inches from true center. However,

it can be seen that the optical tooling has the advantage of greater poten-
tial accuracy regarding angular settings. Resolution of an angular position
using the telescope target assembly is feasible within eight seconds of

true position. A distinct advantage of the optical tooling is that one can
see the movement of the bearings while establishing a specified position.
Both of the tracing techniques yield an envelope pattern from which the
center can bedetermined. The bearing assembly must then be moved and the
contour tracing repeated in order to define the new location., To add to

the difficulty of making adjustment in location is the fact that the traces
for angular settings will be that of an ellipse. Not only is the optical
tooling convenient to use, but eliminates transporting of the test rig from
the test site. Based on the aforementioned findings, the optical tooling
technique appears to best satisfy the requirements of the program and has
therefore been selected as the media through which conditions of alignment

will be resolved.

* Source material for this comparison was obtained from the respective
manufacturers and from detailed discussions with technicians skilled in
the operation of each piece of inspection tooling.
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The proposed method of establishing bearing alignment is to mount the
telescope and its mounting assembly atop the modified instrument housing
(Figure 6). A reflecting target assembly will then be assembled into the
bore of the upper test bearing. The upper test bearing will serve as a
reference position since the upper bearing housings are fixed by pins and
a locating diameter. Squareness of the axis of the telescope to the plane
of the reflecting target (by using the principle of autocollimation) and

coincident centerlines (telescope and target) will then be set,

The principle of autocollimation is depicted in Figure 7 . An image
is projected. by light rays from the point 'P' onto the reflecting mirror,
When the mirror is at 90° to the direction of the image rays, they are
reflected exactly to their source, superpose themselves on the projected
image. Autocollimation is independent of the distance "L" between the
objective and the mirror since it is performed with the focal length "f"

being set at infinity.

Figure 7 depicts the condition when the mirror is at angle x/2 to
the direction of the image rays. The reflected image returns at angle x,

a distance P-P' from the real image at P,

Coincident alignment of the centerlines is obtained by transversely
moving the telescope until it is coincident with the target in the top bearing
(superposing crosshairs). The target is then transferred to the lower test
bearing, and the lower bearing housing is adjusted until it also coincides

with the common centerline.




Sketches of the desired target configurations and a suitable mounting
arrangement (Figures 8, 9, and 10) along with a complete set of specifi-
cations for the micro-alignment telescope were sent to various optical
tooling manufacturers for cost quotes. The estimates for the required
components have been received and an order was placed. Delivery of all

hardware is scheduled for July 1, 1966,

2. Test Equipment Procurement

A, TForce Measurement Hardware

A design study was initiated to modify the existing bearing housing
assemblies to accept quartz crystal force transducers rather than strain
gaged force buttons. Reasons for this change in the force monitoring
equipment are discussed in the Instrumentation Section of this report. The
piezoelectric load cell selected for incorporation into the rig is the
Kistler force transducer ~ Model #902A, as shown in Figure 11. Completion
of both the design effort and the detailed manufacturing prints are

expected during the first week in May.

B. Three-Lobed Bearing

The requirements of the present contract specify a three-lobed
bearing configuration that when assembled with the test shaft will result
in a 5 mil diametral clearance. The previously tested design(l) cannot

be utilized because the assembled condition yields only a 3 mil diametral

clearance. Therefore, the machining drawing was modified to the required

1)

Reference 3.




configuration with copies submitted to various vendors for cost quotes
(Figure 12), The estimates have been received and an order has been placed,

with the delivery of two bearing assemblies scheduled for June 30, 1966.

C. Second Test Shaft

The backup test shaft for the high speed test rig was fabricated
identical to the first. The integral journal diameters are 1,2500 - 1.2499
inches and when mated with the bearing sleeves will provide a nominal
diametral clearance of 5 mils. Results from the 100 percent inspection
of the shaft indicated that all drawing requirements were fulfilled. A
portion of that inspection record is listed below while Figure 13 shows

actual recorded traces of the journal diameters.

Condition Specification (in) Actual (in)
Roundness 0.000050 FIR 0.000050
Concentricity 0.000300 FIR 0.000020

Taper 0.000050 FIR 0.000050
Plating Thickness 0.0050 Nominal 0.005 + 0.00025
Surface Finish 8AA 5AA

D. Self-Aligning Pivoted Pad Journal Bearing
The defail manufacturing drawings for the self-aligning pivoted-
pad journal bearing assemblies, reference 2, (Figure 14) were completed
and submitted to several vendors for cost quotes. These estimates included
extra pads, pivot pins and contacting disks. Several bids were received,
the vendor selected and an order was placed with the delivery of all components

scheduled by July 1, 1966.




3. Relocation of Program Test Rig

All test rig equipment procured on NASA Contracts NAS 3-2111 and
NAS 3-6479 was relocated from the General Electric Company, Research and
Development Center in Schenectady, New York to the Space Power and Propulsion
Section's facilities in Evendale, Ohio, A testing area is being prepared
in Building 314 to accept the high speed test rig and its associated hardware.
The design and procurement of those required items (i.e., heat exchanger,
pressure and temperature transmitters, controllers, etc.) required to complete

the testing assembly has been initiated.

4, Pre-test Calibration Hardware

A decision was made to record and reduce experimental data using a
digital data system. Several feasibility tests were required to verify
mctheds of obtaining the required information within desired tolerances
such as measuring the phase angle between shaft displacement and the
corresponding bearing forces. To accomplish this, along with calibrating

other components, several experimental devices were required.

A set of bench centers has been procured for static calibratiqn of
Bently Nevada proximity probes, sensing off a silVer plated test shaft
(Figure 15). Mounted adjacent to the proximity probe is an Electrojet
Cartridge gage (linear variable displacement transformer) which provides
resolution of clearance measurements to 10 micro inches. These displace-
ment measuring instruments are mounted in a holding fixture which is fixed
to an optical staging table. The staging table provides movement of + 1
inch with the traversing measured by a micrometer head which has been sub-
divided into 0.0001 inch increments. Also depicted in the fiéure is the
readout equipment required for such tests.

-7



To verify the ability to measure phase angle, a high speed test rig
(0 to 16,000 rpm) was mounted to the base of the aforementioned set of
bench centers. A small stub shaft was fabricated with the circumference
containing a 0.005 inch thick band of silver plating. This shaft was then
mounted eccentrically to the shaft centerline of the high speed rig by
using a locking collet. The optical staging device equipped with distance
measurement detectors was subsequently mounted with the detectors sensing
off the silvwer plated stub shaft (Figures 16 and 17). Upon rotating the
shaft the angle between the two proximity probes was read out on a phase
angle meter. Repeatable data was obtained within the accuracy of the indicating

instrument - 3° + 1 percent.

Prior to utilizing the Electrojet Cartridge (contacting probe) in any
set-up, it must first be calibrated. This is performed by employing a
Sheffield Corporation Linearchek Gage Calibrator (Figure 18). Accuracy
of this instrument is + 0.000010 inch over a one inch traversing distance
being provided by a 4 inch diameter Sheffield Ultra-Precise Micrometer,
The circumference of the micrometer has been divided into increments of

0.0001 inch,




I1I. ROTOR BEARING ANALYSIS

Under the present contract, experimental performance and rotor-bearing
response data are to be obtained for three types of bearings, namely, the
two-groove cylindrical, the three-lobe and the pivoted-pad bearing with two
values of preload. These bearings will be tested with deliberate shaft
unbalance on specially designed unbalance disks outboard of each bearing as
shown in Figure 19. For the purpose of guiding test planning analytical
rotor-bearing response data is useful in establishing the level of unbalance
to be used for various test operating conditions. The analysis requires the

knowledge of the dynamic characteristics of the bearings.

It is customary, e.g., reference 4, to represent the dynamic character-
istics of a bearing by an eight-parameter linear model consisting of four
springs and four dashpots. The model is shown schematically in Figure 20 .

The fluid film forces are then represented by the following equations

-F = K X + w C X + K Y + w C Y
X XX XX Xy Xy

(1)

~-F = K X + w C X + K Y + C Y
y yx yx vy W Fyy

The symbols are defined in the Nomenclature.

The actual bearing stiffnesses and damping coefficients are not linear,
but if it is assumed that the rotor motion is confined to small oscillations
around the shaft equilibrium position, this error due to non-linearity of the

fluid film dynamic coefficients is small.

Equations (1) can also be used to calculate the dynamic characteristics

of a bearing from experimental response data. Following the analysis of




reference 3 in which Fo Fy, x and y are complex functions of the form

z = Jz/et"t or [z - Z, + i zZ, ' (2)

equations (1) can be written as

bbb+ ]l ol
el bl B Rl sl
JORS DR NS
bl bl b ot

In equations (3) the terms in square brackets are measured during testing as

is w and the terms in round brackets are the eight parameters of the bearing
dynamic characteristics model which are to be found. Obviously equations

(3) represent four equations in eight unknowns. Their solution requires two
independent sets of experimental data from a test bearing at the same operating
condition, defined by a rotational speed, fluid temperature and unidirectional
load. This can be accomplished in two ways: one, run the test shaft twice,
once with symmetric and once with anti-symmetric unbalances in the unbalance
disks (Figure 21); two, run the test shaft once with unequal unbalances in

the two unbalance disks (reference 5). In the first instance only one bearing

need be instrumented; in the second instance both bearings must be instrumented.

The dynamic characteristics of pivoted-pad bearings are presented in
reference (7), but no such data is available for the two-groove cylindrical

or the three-lobe bearings. Therefore, the rotor-bearing response analysis

was carried out for the pivoted-pad bearing.

-10-




The description of the pivoted-pad bearings to be tested is presented
in Table II. A drawing of the pivoted-pad bearing is shown in Figure 12,
Pivoted-pad bearings having preload values of 0.2 and 0.52 will be tested.
Reference to Figure 12 indicates that in the case of the preloaded bearing
the center of each pad does not coincide with the bearing center. The

preload is given by

m = (Reference Figure 20) 14)

The purpose of geometrical preloading is to obtain high bearing stiffness
even when there is no applied load and to avoid ''megative fluid film pressures’
(reference4 ). The analysis which follows is for a preload of 0.4 since it

was carried out prior to the final selection of preload.

A rotor-bearing response computer program was presented in reference 2
in which a symmetric-rotor model was considered. The distributed rotor mass
is replaced in the model by two concentrated masses. 1In reference 9 a rotor-
bearing response computer program is presented which is more general than that
of reference4 . This latter computer program which is based upon the Prohl-
Myklestad method (references 6, 7 and 8) was used in the present analysis.
The shaft is represented by lumped masses separated by massless springs of the
required length. The bearings are represented by the eight-parameter model
discussed previously. 1In addition, the bearing pedestals can be represented
by masses, springs and dashpots in orthogonal planes and springs and dashpots
in the misalignment mode of motion. Gyroscopic effects may also be accounted
for. The program assumes elliptical orbits about the shaft centerline for the
lumped masses and it calculates the displacement orbits and corresponding

orces on the pedestals are also calculated.




1. Input Data
The input data required to carry out the rotor-bearing response analysis
are the following:
- Rotor Configuration
- Bearing Static Load Characteristics
- Bearing Dynamic Characteristics

- Pedestal Characteristics

The rotor shaft is shown in Figure 19; twenty-seven mass stations were

used to represent this shaft in the calculation.

In order to determine the maximum displacement of the shaft under a given
orbiting condition, the equilibrium position of the shaft must be calculated.
Shown in Figure 23 is the variation of shaft equilibrium position with speed
and unidirectional load. The data for this curve came from Figures 4-6, 8, 9 of
reference 4. The eccentricity is reduced as speed increases and increased as
the load increases. When the load is zero (vertical shaft), the equilibrium

position is at the bearing center (zero eccentricity).

The bearing dynamic coefficients were calculated using Figures 4-18 of
reference 4. The stiffness, K, and damping coefficienct, B, were plotted

against speed with side load, W, as a parameter. At W = O, the Sommerfeld

2
Number, S, is undefined and Figures 4-6, 8-19 from reference 4 give no values for
determining the dynamic coefficients of this case. The zero load dynamic

coefficients were determined by plotting K and B versus W with rotative

speed, N, as a parameter and extrapolating the curves to W = O,
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Shown in Figure 24 is the variation of bearing stiffness with speed and
unidirectional load. The stiffness increases as speed and/or load increases.
At high speed, the effect of the load is diminished. The stiffness ranges
between 104 and 105 1bs. in._l. In Figure 25 the variation of the damping
coefficient with speed and unidirectional load is shown. Damping increases

5 -1
with both speed and load and has a range around 10 1lbs, in.

The stiffness of the plvot, Kp’ must be considered in the analysis of
the rotor-bearing system. The bearing pivot, shown in Figure 15, is a
spherical surface of a hard material in contact with a flat hard surface
on the back of the pad. The expression (reference 10 and 11) for force F for a
given displacement,-§., is differentiated with respect to § to obtain the
following expression for pivot stiffness.
~h
dF V,—z-_ 51/2

p - db 2 ©0.77)%"2 (;}1:— +—:33—)
1 2

(5)

Shown in Figure 3g is the variation of pivot stiffness with bearing
load for a 2-inch diameter 410-stainless steel pivot against a 316-~stainless
steel pad. The pivot stiffness increases with the 1/3 power of load. 1In
each of the two orthogonal directions the spring representing the pivots has
twice the stiffnegss of a single pivot. The value used in the analysis was
5.46 x 105 1b./in.,, corresponding to a load of 12 lbs., The pedestal (in
this case the pads) is assumed not to resist rotation in the pitch or roll

mode and since the damping of the pivots is not known, it was ignored.
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2. Rotor Response

Presented herein is rotor-bearing response data for the preloaded
pivoted-pad bearing in the form of shaft displacements and fluid-film
forces as influenced by rotative speed, deliberate unbalance, and

unidirectional load (or side load).

Shown in Figures 27, 28 and 29 is the variation with speed of the
rotor displacement from equilibrium position at the upper and lower bearings.
The displacement limit line reflects the clearance lift after the static
displacement shown in Figure 22 is made.equal to the static displacement
in Figure 23. If the displacement exceeds this limit, the shaft will
rub the bearing. The deliberate unbalance in the rotor for which the response
curves in Figure 27 were calculated is 0.5 gram inch per bearing. The
orbit radius is insensitive to speed below 20,000 rpm and the response
at both bearings are nearly equal. However, at speeds above 20,000 rpm
the two bearings have different responses. The upper bearing curves has
a resonance peak at 25,000 rpm and indications are that the shaft will rub
at this speed. The displacement variation of the lower bearing indicates
the critical speed at 26,000 rpm. The displacement of the lower bearing has
a greater magnitude than that at the upper bearing. Since there is an
extra mass at the upper end of the shaft (see Figure 20), the mass distri-
bution along the length of the shaft is not quite symmetrical with the shaft
midpoint, This extra mass is one of the disks used to measure torque. The
non-symmetry of the shaft could account for the difference in critical speed
and displacement magnitude between the upper and lower bearings. Reference

to Figure 20 indicates that the dynamic response of the upper bearing may
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be affected by the presence of the quill shaft which is used to drive
the test shaft and measure the torque absorbed. The effec¢t is minimized
by using a small-diameter quill shaft. The effect of the presence of the
quill shaft and the alignment of the motor with the test shaft was not

taken into account in the rotor response data presented herein.

Halving the unbalances reduces the displacement magnitudes by approxi-
mately on®-half over the whole speed range and has no effect on the speeds
at which the criticals occur. This is shown in Figure 28, When the un-
balances are unequal, the displacements in the low speed range are unequal
as shown in Figure 29, However, the critical speeds remain the same for
each bearing. Thus in the speed range below 20,000 rpm, unequal unbalances
are required to get two independent sets of test data at one operating
condi

ances are not necessary above 20;000 rpm,

T TY~vsrmw -
ion, unowever, unedua 5

Maximum fluid film force on the bearings versus speed is shown in
Figures 30, 31 and 32, The forces for the 0.5 gram inch per bearing case
(Figure 30) are, as in the case of the displacements, nearly constant in
the low speed range. Corresponding to the displacements, the force
magnitude is greater at the lower bearing critical speed (26,000 rpm)
than at the upper bearing critical (25,000 rpm). In the high speed range
(above 20,000 rpm) the forces like the displacements are different for the

upper and lower bearings, even though the unbalances are equal. For this
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reason, the two bearings will give independent sets of force data when
forces are measured at both bearings during a test run with equal unbalances.
Halving the unbalances reduces the force component due to the unbalance,

The maximum values still occur at the same speeds. Significant inequality
of forces can be seen at low speeds in Figure 31 when the unbalances are
unequal at the upper and lower bearings. This inequality in the low-speed
range is evident in both force and displacement when the unbalances are
different. Larger differences are to be expected as the difference in un-
balance increases. Thus, the requirement that the sets of force and dis-
placement data for the upper and lower bearings will be independent is

met in the low-speed range when unequal unbalances are used.

Shown in Figure 33 is the total shaft center displacement at the
lower bearing versus unidirectional side load at 24,000 rpm. The displace-
ment due only to the side load is représented by a $olid line. The dis-
placement due to both side load and unbalance force is represented by dotted
lines. Different unbalance combinations are shown. Above a side load of
10 1bs., the major part of the displacement is due to the unidirectional
load. In Figure 34 is shown the total force on the lower bearing versus
side load at 24,000 rpm. The undirectional force is represented by a solid
line, the sum of side load and unbalance force is represented by a dotted
line for each unbalance combination. When the side load has a magnitude
greater than 20 1lbs., it is the larger part of the total force even for
the largest unbalance shown, The total displacement at the lower bearing

versus side load at 26,000 rpm is shown in Figure 35. At this speed, the
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orbit radii are larger than the displacement due to side load. The orbit
radii for two of the unbalance combinations, 0.5 gram inch per bearing and
0.25 gram inch at the upper and 0.5 gram inch at the lower bearing, are
large enough that the shaft will rub the bearing. This occurs where the
dotted lines intersect the bearing surface line. The total force on the
lower bearing versus side load at 26,000 rpm is shown in Figure 36. At
this speed, the unbalance forces are the major part of the total force.
Figures 33, 34, 35 and 36 illustrate the comparison between displacement

and force amplitudes at and away from critical speeds.

In order to obtain accurate measurements of force and displacement it
is necessary that the measurements be a large portion of the full scale
range of the instrument. Thus, since side load affects these measurements
more than unbalance, the unhalance used should be scheduled with load
instead of speed below 20,000 rpm. Above 20,000 rpm lower load schedules

must be used because of the large amplitudes.

3. Concluding Remarks

The rotor-bearing response analysis has led to the following conclusions:
1, System resonances at the bearings occur at rotational speeds
of 25,000 and 26,000 rpm for the upper and lower bearings,

respectively.
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2, The upper and lower bearing resonances occur at different speeds
due to non-symmetry of the shaft.

3. At the resonances, the unbalanceis predominant in the determination
of shaft center displacement and fluid film force.

4, The response in the resonant speed range is different for the upper
and lower bearings even though the unbalances are the same.

5. The unidirectional load is responsible for the greater part of the
shaft displacement and forces in the speed range below 20,000 rpm.

6. In the speed range below 20,000 rpm, the response is nearly the
same for both upper and lower bearing if the unbalances are equal
at each bearing.

7. If the unbalances for the upper and lower bearing are different,
the response of the bearings in the low-speed range differs with
the ratio of the unbalances. Thus, the forces and displacements
can be made to differ significantly between the upper and lower

bearings.

Since the side load contributes most to shaft displacement, except near
critical speeds, the unbalance must be scheduled with side load rather than
speed so the force and displacement measurements can be made in a range
approaching full scale of the instruments. However, at constant side load,
the same unbalances can be used over the non-resonant speed range, up to
20,000 rpm. If, in this speed range, the unbalances at the upper and lower
bearings are sufficiently different, two independent sets of measurements

required by the eight simultaneous equations can be obtained by measuring
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the forces and displacements at each bearing. In the resonant speed range, the
unbalance must be reduced to prevent the shaft from rubbing the bearing. As
the resonant speeds for the upper and lower bearings are different, an inde-
pendent set of data can be obtained from each bearing in the resonant speed

range when the unbalances are equal at each bearing.
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III. INSTRUMENTATION

During the reporting period the instrumentation approach has been
improved. These improvements include the use of a digital data acquisition
system for quickly and accurately recording test data, the instrumentation
of two bearings instead of one, and the replacement of the strain-gauged

force buttons by piezoelectric load cells.

Several advantages accrue because of the selection of the digital data
acquisition system. The digital data acquisition system has a high-accuracy
digital voltmeter (about 0.05 percent of full scale) contributing greatly
to the accuracy of the data to be taken. In addition, the data can be -
scanned in about 60 seconds, minimizing test point drift during data taking
and the amount of time to get a test point. The digital data acquisition
system produces printed-tape output for checking immediately after data
acquisition and punched-tape output for automatic data reduction. Thus,
no tediousmanual reading of photographs or strip charts is required. This
reduces the time duration and effort needed for data reduction. Using the
digital acquisition system reduced data should be available within days after
a particular test. Photographs of oscilloscope traces showing the locus of

the shaft center shall be taken as a visual record of the test condition.

This technique, however, places additional requirements on the measuring
system since it is necessary to convert the signals into meaningful parameters
and to sequentially switch each such converted signal into the digital

recording systemn,
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The instrumentation of both bearings permits acquiring all data
required for the eight dynamic coefficients of the bearing mentioned
in the previous section at one operating condition with one digital
scan. Previously it has been planned to instrument but one bearing and
run the shaft at the same operating condition twice, each with a different
unbalance configuration, in order to obtain the requisite experimental
information for the dynamic performance of the bearing at a given operating

condition.

Shown in Figure 37 is the test assembly; test bearings, load cells
and inductance-gage distance detectors are shown. The force and dis-
placement measurements are made in four planes perpendicular to the shaft
center line, Shown in Figure 38 are the displacement sensors and load
cells for any one of the four instrumentation planes., The displacement
sensors are seen to be in pairs which are in line with and at right
angles to the direction of the side load. The load cells are in pairs
and are equidistant between the displacement sensors. The displacement
sensors are adjacent to the shaft and the load cells measure the forces
exerted by the inner bearing housing on the outer bearing

housing.

Shown in Figure 38 is a schematic diagram of the instrumentation to be
read on the digital data acquisition system. Only one pair of displacement

probes and one pair of load cells are shown. The outputs from each displacement
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probe in a pair are combined so as to give one signal for the pair. To do
this the individual signals of each pair will be conditioned so that slopes
of displacement versus output signal curves are identical. Summing of the
individual signals will provide cancellation of symmetrical differential
thermal expansion of the bearing housing and will double the sensitivity

of the displacement measuring system. Only one load cell in a pair is
connected to the read out. The stiffness of each load cell will be determined
experimentally before installation. From these data multipliers can be es-
tablished for the output of each active load cell to give the correct force
reading. After passing through switching circuits, the dynamic measurements
are directed to a peak-to-peak level detector, an average level detector, or
a phase meter. The output of these detectors is scanned by the digital data
acquisition system. The peak-to-peak detector yields double amplitude for
force and displacement. The average-level detector yields the equilibrium
position of the shaft. The unidirectional load, corresponding to the equi-
librium position of the shaft, is read on pressure transducers connected to

the loader bearing actuation cylinders.

The phase angles to be measured are shown in Table III. Eight each
displacements and forces and eight phase angles between displacements and
forces are required for each test condition to provide data for the bearing

*
dynamic coefficients.

Oscilloscopes will be available for surveillance of bearing behavior

during testing. One oscilloscope will be connected to two perpendicular

x)
See Section II. Rotor Bearing Analysis.
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pairs of displacement sensors for each bearing. The signal on this oscil-
loscope will be reinforced once each revolution. Thus synchronous whirl

will be identified by one blip on each orbital trace and fractional-frequency
whirl will be identified by two. The second oscilloscope will be used to
monitor any dynamic measurements of interest during testing. A camera for

the oscilloscopes will be available to make permanent records as required.

For all runs in which the oscilloscope indicates fractional-frequency
whirl, the synchronous tracking filter can be put on manual control. Then
by noting peak output at some hand-set frequency near one-half of the shaft

speed the whirl ratio can be obtained.

1. Force Measurement

To facilitate force measurement the inner bearing housing for the test
bearings was to be supported in two mutually perpendicular planes by a total
of eight strain-gaged force buttons fixed to the outer bearing housing at
two axial locations, as shown in Figure 39. 1In a radial-axial plane the

vibrating system can be represented by the diagram shown in Figure 39,

It can be seen that the mass of the inner bearing housing plus attach-
ments is between the fluid film where the force measurement is required and
the strain-gaged force buttons represented by springs in Figure 40, Thus
the measured force on the strain-gaged force buttons is given by the sum of
the fluid film force and the mass times acceleration of the inner bearing
housing. At forcing frequencies far below the natural frequency of the
vibrating system consisting of the strain-gaged force buttons and the inner
bearing housing, the measured force and the fluid film force will be essentially
equal. Near the natural frequency, but below it, the two forces will not be

equal because of the mass times acceleration of the inner bearing housing will
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become larger. Beyodd the natural frequency, in addition to being different,

the two forces will be out of phase.

Recent experiments have indicated that typically the strain-gaged force
buttons have a spring constant of approximately 50,000 1b./in., and the actual
weight of the sprung mass consisting of the inner bearing housing, the bearing
and the eight displacement gauge holders is 16 1lbs. Shown in Figure 40 is
a plot of the ratio of the measured to the actual fluid film force, and the
phase angle between the forces, It can be seen that the natural frequency
of the system shown in Figure 40 corresponds to a rotative speed of 21,000
rpm (350 cps). Since this speed is within the speed range specified for the
test program, namely, 3600 to 30,000 rpm, larger errors in measured force can
be expected as shown in Figure 41 over an inportant part of the test speed
range. It is also seen from the figure that the measured and actual fluid-
film force are 180° out of phase beyond the critical speed. Actual tests of
a force button in a vibrating system indicate that the force-button signal
is plagued by excessive noise. This is due to the large amplification
needed for the force button because of its low output per unit load, about

0.05 mv/1b,

Primarily because of the low natural frequency of the force button-inner
bearing housing system and to eliminate the noise problem, piezoelectric
load cells have been selected to measure force by placing eight of them on
the outer bearing housing in a manner similar to that contemplated for the
strain gaged force buttons. The piezoelectric load cells chosen (Kistler,
Model 902A) each have a spring constant of about 1,67 x 107 1b./in., resulting

in a natural frequency of the inner bearing housing system in Figure 40 of
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383,000 rpm (6400 cps). Shown in Figure 41 also is the ratio of measured

to actual fluid film force for the load cells. The use of the piezoelectric
load cells will assure a flat response well beyond the maximum test speed of
30,000 rpm as shown in the figure. The highly stiff load cells will not,
however, eliminate possible errors due to casing natural frequencies. The
piezoelectric load cells have a substantially larger output per unit force

measured, about 100 mv/1b.

Only one charge amplifier is required to read the eight active load
cells because they will be read one at a time. Switching circuits driven
by the digital data acquisition system will connect the proper load cell to
the digital voltmeter prior to scanning that particular reading. Actually
two amplifiers will be purchased because two are needed for the original

adjustment of the load cells in the outer bearing housing.

2. Displacement Measurement

Major problem areas associated with the proximity sensors have included
sensitivity to water spray, zero shift, sensitivity to shaft surface ir-
regularities and conductivity inhomogeneity. An examination of some of
these problems was undertaken in order to determine the ultimate system
measurement capabilities. Included in these tests were measurement of effects
of water spray in the probe tip-to-shaft gap and measurement of long term
stability. Pairs of Bently (Model H1084) probes with teflon end caps were
mounted in a fixed position relative to a fixed silver plated shaft segment.

Probe tip-to-shaft gap was adjusted to 10 mils, approximately that which will
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exist during operation in the test rig. Figure 4l1is a picture of the assembly.
The nominal sensitivity for the probe pairs was 800 mv/mil. In each pair of
probes a D152 and a D252R detector were used. The probes were excited at

12.75 volts using a Harrison Laboratory Model 802B D:C. power supply. The probe
output signals were combined and connected to a sensitive (Fluke Model 801B)
differential voltmeter. Measurements of the net change in output caused by
squirting water into the gap were made for all 16 probe assemblies and the
results are tabulated in Table IV. Although the values were slightly dif-
ferent for each probe, all behaved effectively the same way in that the
presence of water caused an instantaneous change in output. Removal of

the water caused the output signal to return to its original value. The
maximum change in output was equivalent to a shaft movement of 19 micro

inches. This appears to be an acceptable level and indicates that the
displacement probe teflon cap sealed with silicone rubber configuration has

substantially reduced the sensitivity of the probe output signal to water.

Although the preliminary tests, just described, had indicated the
sealing of the probes with teflon caps and General Electric RTV sealant
was satisfactory for short-time durations, there existed doubt concerning
the leak tightness of the probes under testing conditions in which the probe
would be submerged and subjected to high fluid velocities caused by rotating
parts. Therefore a pair of probes was subjected to complete submersion in
water bath for approximately 110 hours. For approximately 20 hours the water
was agitated. After the removal of the water the test continued for about
another 45 hours. The zero was reset when agitation was initiated and after

removal of the water. The results are presented in Table V. During non-
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agitated submersion the maximum zero shift was 25 mv, corresponding to an
error of 20 micro inches, During agitation the maximum zero shift was an
additional 18 mv, corresponding to 14.4 micro inches. Within an hour of water
removal the zero shift reached a maximum of -30 mv (-24 micro inches) and 33
hours later the zero shift was zero which is essentially where it stayed for
the remainder of the test. Thus the zero shift due to the presence of water
is less than the zero shift permitted by the contract work statement (namely,

25 micro inches).

Additional tests were conducted with the probe detector circuits immersed
in an isothermal bath which was maintained at 32 + 1°F, The data are pre-
sented in Table VI, The maximum change in output over a 24-hour period was

equivalent to approximately 9 micro inches displacement.

Tests using the same apparatus were also conducted to determine the
long term stability characteristics of the displacement measuring system,
In this test the same pair of probe assemblies was used mounted as before.
The results are presented in Table VI. The combined output signals were
recorded on a potentiometric strip chart instrument. No movement between
probes and shaft was induced. The test was conducted in an air conditioned
area maintained at 77 + 5°F so differential thermal expansion effects would
be insignificant. The maximum change in output of the probe pair was equiva-

lent to 29 micro inches displacement during a test period of one week,

These tests were conducted under nearly ideal conditions and provide an
indication of the ultimate accuracy of the displacement measuring system.
In addition to effects of water and zero shift, the measuring system accuracy
tolerance must include effects of shifts in output versus deflection curves,
signal combining circuit stability and temperature sensitivity, peak-to-peak

and average level detector accuracy and digital recording system accuracy.
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3. Phase Angle Measurement

The apparatus shown in Figure 17 was set up to test the feasibility of
measuring phase angle between two typical waveforms generated by two Bently
detectors mounted perpendicular to each other adjacent to a silver-plated
shaft segment which was mounted in a collet attached to the spindle of a
modified tool post grinder. Initial tests were conducted using a Technology
Instrument Corp. phase meter (Type 320-AB) without any input filters. This
instrument measures the time interval between zero crossings of the two waves
and is a.c. coupled tq the signal sources to eliminate any d.c. components.
The signals produced by the two Bently detectors were proportional to the
runout of the shaft., Shaft runout during initial tests was approximately
4 mils. Tests were conducted over a speed range of 2500-7160 rpm and are shown
'in Table VII. The results indicated that phase angle measurements were not
appreciably affected by shatt speed. Measured phase angle varied from 86.5
to 91 degrees over all test condiFions. The actual angle between the probes
was estimated to be 99 + 1 degrees and was determined by alignment of the
probe centers with the high point on the shaft using a spring loaded linear
variable differential transformer sensor (Electrojet) mounted beside the
Bently probe as an indicator. This method of alignment provided accuracy
within the limits of phase meter capability which is 3 degrees plus or minus

1 percent of full scale (90 de

The results of the tests proved the feasibility of making the desired
measurements by measuring phase angle directly instead of using an oscillo-

scope. However, the requirements of the test program are somewhat
)
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more difficult to meet than those established during the feasibility tests.
Signal levels will be considerably lower and phase angle between force and
displacement signals will be required rather than between two signals from
the same type of source. Under certain test conditions the presence of
fractional-frequency whirl will complicate the phase measuring problem.

For these reasons, a more sophisticated system consisting of a dual channel
tracking filter with a band pass center frequency, automatically adjusted to
shaft speed will be used in conjunction with a phase meter during operation
of the test rig. Overall system accuracy tolerances will be + 0.5 degrees.
The same system will be used to determine the whirl frequency by connecting
the filter tracking signal to an audio oscillator and manually adjusting the

audio frequency to obtain maximum voltage output at the filter output.
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IV. TEST FACILITY PREPARATION

The Hydrodynamic Journal Bearing Test Rig and supporting equipment will
be set up in the control room of Building 314. This available location is
especially suited because of the air-conditioned environment. Plans are
underway to locate the major portion of the apparatus in the assigned area
al though the high frequency power supply along with the digital data recorder

will remain in an adjacent building.

Overhaul operations are scheduled for an available Ward-Leonard M.G.
high frequency power supply. While the power supply apparatus is being
reconditioned, the 15 horsepower test rig drive motor will be checked and
the two units will be matched for optimum performance. A remotely operated
control panel will be fabricated and installed in the test area for operation

of the M.G. set located in another building {(309). Elevated power cables

will be constructed to connect the two facilities.

An additional cable 1link will be required between Buildings 314 and 309
to connect the test rig instruments with the 600 channel digital data recorder
that exists in the latter location., This link will provide digital recording

of all the required journal bearing test data.

The design of the test rigs distilled water loop will be similar to the
arrangement used in the previous bearing test program (NAS 3-2111). However,
a new 80 gallon glass-lined electric water heater, a new water cooled heat
exchanger, and a new piping will be provided to maintain the high purity
of the distilled water lubricant. Additional instrumentation will be inserted
in the loop piping for use with the digital data recording system in addition

to that required for operaticnal purposes.



Building utilities such as cooling water, instrument air, electrical
power, drains, etc., are being extended to fulfill the requirements of the
test rig and its auxiliary equipment. 1In addition, a new set of control
panels are being designed to house and consolidate all required controls

and instrumentation.
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TABLE I

INSTRUMENTATION AND EQUIPMENT LIST

Name

Differential Voltmeter
Single Channel Recorder
Proximity Probe

Proximity Detector

Power Supply
Dial-A-Volt
Accutron Transistor Amplifier

Electrojet Cartridges

Linearchek Gage Calibrator
Sundstrand Bench Centers
Leitz Optical Stage
Oscilloscope

Oscilloscope

Oscilloscope

Phase Meter

Differential Comparator
Scope Camera

Balance Machine

Model No.
801
19301-01-01
H-1-084-3

D152
D252R

802B
DAV46D
51

59230108
59230119

BC 6''x36"
1"x1"
RM561A
RM535
8151R
320-AB

3A7
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Manufacturer

John Fluke Co.
Honeywell Corp.
Bently Nevada

Bently Nevada

Harrison Lab. Inc.
General Resistance Inc.
Sheffield Corp.

Sheffield Corp.

Sheffield Corp.
Sundstrand Machine Tool
Opto-Metric Tools Inc,.
Tektronix Corp.
Tektronix Corp.
Beckman

Technology Inst. Corp.
Tektronix Corp.

Dumont

Micro Balancing Inc.



TABLE I1I

DESCRIPTION OF BEARINGS FOR WHICH DYNAMIC FORCE COEFFICIENTS WERE CALCULATED

Type of Bearing Pivoted Pad
L/D 1.0
Number of Pads 4
Pad Arc, B , Degrees 80

Pivot Location, ep , Degrees Behind Leading

Edge of Pad 44

Geometric Preload, m 0.4

Machined Pad Radial Clearance, C mils 2.5

p)

Minimum Clearance, CB’ mils 1.5
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TABLE 1V

BENTLY (MODEL H 1084) DISPLACEMENT PROBE
WATER SENSITIVITY TEST RESULT SUMMARY

Probe Pair Output Change Equivalent Change,*
Designation Due to Water, mv Microinches

1 -15 -19

2 +10 +13

3 +15 +19

4 + 2 + 3

S 0 0

6 - 4 - 5

7 -5 - 6

8 +5 + 6

*

Based on nominal sensitivity 800 mv/mil.

1 Probes were set up in apparatus shown in Figure 40 with a nominal probe
to shaft gap of 0.010 inch.

2 All probes were Bently type H1084 with teflon end cap mounted in special
holder.

3 Probes 1-8 were used with Bently type D152 detectors (slope of sensitivity
curve is negative.)

4 Probes 1R - 8R were used with Bently Type D252R detectors (slope of
sensitivity curve is positive.)

5 All detectors excited at 12.75 volts with Harrison Lab Model 802B power
supply.

6 All measurements made with J. Fluke Model 801B differential voltmeter.
7 Tests were conducted by setting probes at a nominal gap of 0.010 from a
silver plated shaft segment. Change in output level was noted as water was

sprayed in the probe to shaft gap. 1In all cases, the output signal returned
to its initial value when the water was removed from the probe to shaft gap.
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TABLE V

EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO SHIFT

Nominal Sensitivity: 800 mv/mil

Zero Reading,

Date Time, hrs. mv
4-22-66 1500 0
1600 +10
1700 + 8
1800 0
1900 - 4
2000 0
2100 - 4
2200 - 2
2300 - 8
2400 + 4
4-23-66 0100 +10
0200 +10
0300 +10
0400 + 9
0500 + 9
0600 +11
0700 +11
.0800.. +14
0900 +16
1000 +15
1100 +10
1200 +15
1300 +13
1400 +18
1500 +20
1600 +25
1700 +25
1800 +22
1900 +22
2000 +20
2100 +25
2200 +22
2300 +21
2400 +20
4-25-66 0800 +24
1422 0
1500 +18
1600 + 2
1700 - + 4
1800 -1
1900 -5
2000 -7
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Remarks

Probes submerged

Saturday

Monday
Zero reset and water agitated



TABLE V

EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO SHIFT

(Continued)

Zero Reading,

Date Time, hrs, mv Remarks
4-25-66 2100 -11
2200 11
2300 -11
) 2400 -11
4-26-66 0100 -10
0200 - 6
0300 - 3
0400 - 2
0500 -3
0600 - 2
0700 -1
0730 -1
0900 0 Water removed and zero reset.
0950 -30
1030 -30
1100 -14
1200 -14
1300 -10
1400 - 3
1500 0
1600 - 2
1700 - 7
1800 -10
1900 -11
2000 -12
2100 -13
2200 -15
2300 -15
2400 -16
4-27-66 0100 -13
0200 -12
0300 -14
0400 -12
0500 -10
0600 -10
0700 -10
0730 -9
1440 + 4
1540 + 4
1640 + 6
1740 + 2
1840 0
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TABLE V

EFFECT OF COMPLETE SUBMERGENCE ON DISPLACEMENT PROBE ZERO SHIFT
(Continued)

: Zero Reading,
Date Time, hrs. mv Remarks

4-27-66 1940 +
2040
2140 +
2240 -
2340 -
4-28-66 0040
0140
0240
0340 -
0440
0540 -
0640 -
0715 -
1520
1620 +1
1720 +
1820 +
1920

DINON
VP AV,

2120
2220
2320
4-29-66 0020
0120
0220
0320
0420
0520
0620
0730

NOUOUOOOO U BhHFOONWMGRONNWONOOOHNEFEHON

I

+ +
-
= O

Test terminated
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TABLE VI

TEMPERATURE SENSITIVITY OF DISPLACEMENT PROBE DETECTORS

Zero Drift,

Date Timez hrs. mv Remarks

3-22-66 1350

=)

Zero set with detectors

in ice bath
1450
1600
1700
1800
1900
2000
2100
2250

3-23-66 0815
1120
1220
1300 -

.

+ 4+ + 4+ +
(-]
coooowmmooooo

+
NI HEFQOAE WO WW

Removed detector from ice bath

1635 +
1735 +
1835 -
2035 -
2235 -
3-24-66 0035 -
0235 -
0435 -
0635 -
0835 -
1035 -
1235
1435
1635
1835
2035 -
2235 -11.
3-25-66 0035 -12.
0235 -12,
0435 -12,
0635 -13.
0835 -11.
1035 -11.
1235 - 6
1345 0
1545 -1
1745 - 2,
1

7

0

NHWNHEHORDNDNDWORN WO

CO0O0O00O0O0O0ODOOOO0O0OO0OVLMUOOOCOOO

1945 +
2145 -
2345 -1

OO0 O0OCOo
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Date

3-26-66

3-27-66

3-28-66

3-30-66

4-1-66

TABLE VI

Y OF DISPLACEMENT PROBE DETECTORS

TEMPERATURE SENSITIVIT

(Continued)

Zero Drift,

Time, hrs. nyv
0145 -16.0
0345 -17.0
0545 -17.0
1745 -12.0
0945 -12.0
1145 -11.0
1345 -12.0
1545 -12.0
1745 -12.0
1945 -12.0
2145 -14.0
2345 -15.0
0145 -16.0
0345 -15.0
0545 -13.0
0745 -15.0
0900 -16.0
0810 -30.0
1030 -25.0
1230 -20.0
1630 0
0825 -25.0
1030 -20.0
1640 - 8.0
0630 -36.0
1330 -20.0

-43-

Remarks

Equipment
Equipment

Equipment

Equipment
Equipment
Equipment

turned
turned

turned

turned
turned
turned

off
on

off
on
off



Signal From
Bently Probe

TABLE VII

PHASE ANGLE MEASUREMENT DATA

Phase
Shift Meter
Degrees Connection
0] Normal
0
0 Reversed
180
180 Normal
180

~44-

Speed, rpm

2500 4500 6260 7160
Phase Angle, Degrees

88.5 87.0 88.5 89.0

88.0 88.0 86.5 91.0

91.0 91.0 91.0 91.0
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Figure 3. Proficorder.
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J1077-8

Figure 4. Talyrond.
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Figure 5.

Displacement Between Bearing Centerlines

Optical
Proficorder

Talyrond'

Zero
Alignment
Error

s~

0.000103

0.000073

ty

— §

0.004" Transverse
Misalignment
Error

-~

0.000126

0.000097

Angle Between Bearing Centerlines

Optical
Proficorder

Talyrond

Zero
Alignment
Error

8 Seconds

30 Seconds

21 Seconds

Estimated Alignment Accuracy

\

Ao

®

' 0.004" Transverse
Misalignment
Error

8 Seconds

36 Seconds

29 Seconds
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400 Second
Misalignment
Error

AnA~AAA

0.000077

0.000046

400 Second
Misalignment
Error

10 Seconds
36 Seconds

28 Seconds

J1077-10

For Various Alignment Techniques.



Telescope

Upper
Bearing
Housing

Lower
Bearing

g

:i:>>Telescope Mount
i g

&
%
V1
Reflecting Target
Assembly
Lok,

Upper Test Bearing

Lower Test

Bearing

Housing

Figure 6.

-Adjustable Lower
Housing Assembly

< J1077-9

Bearing Alignment Using Telescope.
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sight P \x T
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Cross'Hairs Objective !
Mirror Tilted
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J2000-6

Figure 7. Principle of Autocollimation.
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Right Angle
Eyepiece

| [
‘ / Micrometer
Micrometer l Adjustment
‘ Adjustment — | x)
| ) AN
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' 1 \_ Focus
Adjustment
o )
Angular Adjusting !
Mechanism :
! !
: @ Transverse Adjusting
Mechanism
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Y
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L
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L
T
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N Modified Ins't \_Telescope J2000-8

I Housing Housing
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Figure 9. Telescope Mounting Assembly,
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MODEILS 901A Through 907A
QUARTZ ILOAD WASI{ERS

Section I

DESCRIPTION

A, INTRODUCTION
Kistler Model 900A Series Load Washers are compact, fast-response transducers

for measuring transient force phenomena and short term static loads in tension or

compressi

on, These picavelectric [orce transducers have waaerent rigidity

to a stainless steel washer having the same over-all dimensions.

B. SPECIFICATIONS

%

r Arnteea
Ty

3 1asmd
svaLlTiAL

Acael Number 901A | 902A | 903A | 904A | 905A | 906A ' 907A
Size {nominal) See Figure 1. . in, 1/4 {3/8 |1/2 5/8 3/4 1 1-1/2
Guter diameter (OD). . . . . in, 0.55(0.87 | 1.10 1.34 1.58 2.05 |2,96
imer diameter (ID) . . . . . in, 0.26 |0.41 |0.51 }0.67 | 0.83 1.04 1.60
Leight (H) . ........ in. 0.3110.39 {0.43 1{0.47 {0,571 |0.59 |0.67

Weight (approximate) . . . . . 0z 0.3 0.7 1.3 2 3 6 12
Range, F.S. compression . .lb 3500 | 8000 | 12000 | 20000 { 30000 | 45000 | 90000
Sensitivity (nominal) . . . . . pChb/1b 20 20 20 10 10 10 10
Resolution  , . .. .. ... 1b .01 |0.,01]0.01 10,05 (0,05 |O0.1 0.1
GOverload capacity . .. .. % 10 10 10 10 10 10 10
Rigidity .. ....... 107 8in./1b | 15 |6 4 - 2.5 |15 |1 .5
Capacitance (nominal)., . . . . pf 20 40 70 200 300 500 1000
Common Specifications, all models:

Resonant frequency (minimum) . .. .. L. L. Lo e .. 50000 cps
Linearity ... .. ... .. ... o 1 percent

lasulation resistance (minimum)
Temperature sensitivity
Temperature range

Shock and vibration

.........................

.............................

.............................

Figure 11. Kistler Force Buttons - Model #902A,
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0. 01 percent/°F
-400 to +500°F
10 000 g(s)
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Figure

13.

Indi-Ron Traces
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of Shaft Diameters,
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igh Speed Drive Unit
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|
»
32

@ Bently Nevada

‘ Detector Unitg

;Stagingf
¢l Table |

Figure 16. Phase Angle Test Setup. (€66042709)
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Gear

Unbalance Disk

Test Shaft

_

Loader Bearings S5 21,27

4,16
Test Bearing

J2000-18

Figure 19, Hydrodynamic Journal Bearing Test Assembly.
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Unidirectional

Load
/
N
~
N
N
™~
Mass N
~
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~
c
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Xy ’“\\\
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xXx
IC
| “xx
ST 77 /T
X
-F = ,
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-F = K_ X + ¢ ,
y yx Xy X + Kyy Yo+ ny Y J2000-19

Figure 20. Schematic Representation of Dynamic Characteristics of Bearing.
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10

Bearing
Stiffness, 10}
Tb./in.

! 1 1 | I

Pivoted-Pad Bearing

Shaft Diameter, 1.25 in.

Radial C1earanqe 1.5 mil -7 .2
Lubricant, Water 1209F (u, 1.465 x 107/ 1b sec/in®)
Preload Coeff1c1ent 0.4

Unidirectional Load Per Bearing, lbs.

50

0
104 1 1 1 1 | J2000-22
1.0x10% 1.4 1.8 2.2 2.6 3.0
Rotative Speed, rpm
Figure 23. Variation of Bearing Stiffness with Speed and Side Load.
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106

Pivoted-Pad Bearing

Shaft Diameter, 1.25 in.

Radial Clearance, 1.5 mil -7
Lubricant, Water 120°F (u, 1.465 x 10
Preload Coefficient, 0.4

2)

b sec/in

Angular Speed Side Load Per Bearing, 1bs.
Times Damping 10° |- -
Coeffigient,
1b./in. 50

25

104 1 1 t l | J2000-23
1.0x10% 1.4 1.8 2.2 2.6 3.0

Rotative Speed, rpm

Figure 24. Variation of Bearing Damping Coefficient with Speed and
Side Load.
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Figure 32. Variation of Shaft Center Displacement with Side Load and
Unbalance. !
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Figure 33. Variation of Maximum Bearing Force with Side Load and
Unbalance.
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Figure 35. Variation of Maximum Bearing Force with Side Load and
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Figure 36. Bearing Stability Test Rig.
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Figure 37. Load Cell and Proximity Gage Installation.
(Shaft diameter, 1.25 Inch)
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Figure 41. Proximity Probe Drift Test Rig.
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APPENDIX

NOMENCLATURE

Distance between bearing center and center of radius of curvature

of pad, mil
Fluid film damping coefficient, 1b. sec./in.
Radial clearance, mils

Twice the radius of curvature of the pivot, in.

in.1b.
in.3

Young's modulus

Fluid film force, 1b.

Pivot stiffness, 1b./in.

Fluid film stiffness, 1b./in.

Preload coefficient

Force on pivot, 1lb.

Radius, in.

Sommerfeld Number

Steady unidirectional side load, lb.
Deflection in direction of side load, in.
Deflection orthogonal to side load, in.
general coordinate

Time derivative of X, Y

Angular extent of pad, degrees

Displacement of pivot surface, in.

Angle from leading edge of pad to pivot location, degrees

Angular speed of rotor, sec.—1
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NOMENCLATURE (Continued)

Subscripts
c Cosine component
P Refers to bearing pivot
s Sine component
X Refers to x coordinate
y Refers to y coordinate
1 Refers to spherical pivot
2 Refers to Planar surface in contact with spherical pivot

-90-




DISTRIBUTION LIST FOR QUARTERLY REPORTS
CONTRACT NAS 3-6479

National Aeronautics and Space Administration
Washington, D.C. 20546
Attn: S, V., Manson - Code RNP

National Aeronautics and Space Administration
Washington, D.C. 20546
Attn: Dr, F., Schulman - Code RNP

Nativnal Aervnauiics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Dr. B, Lubarsky - M.S. 500-201

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Robert Cummings - M.S, 500-201
National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Ruth Weltmann — M.S. 500-309

National Aeronautics and Space Administration
ewis Research Center
1000 Brookpark Road
Cleveland, Ohio 44135
Attn: John Weber - M.S. 3-19
Technical Utilization Office
hational Aeronautics and Space Administration
Lewis Research Center
21000 Brookpark Road
Sleveland, Ohio 44135
Attn: Joseph Joyce - M.S. 500-309 (2)

Jational Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

lleveland, Ohio 44135

\ttn: James Dunn - M.S. 500-201

-9]~

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Report Control - M,S., 5-5

National Aeronautics and Space Administration

Lewis Research Center
NITNNN Daamalrcmawly DaAand
LA VUV ULUUL\PGLI\- nvaw

Cleveland, Ohio 44135
Attn: William J. Anderson - M,S, 6-1

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Henry Slone - M.S. 500-201

National Aeronautics and Space Administration
Lewis Research Center
21000 Broockpark Read

Cleveland, Ohio 44135
Attn: Warner Stewart - M,S. 5-9

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Edmond Bisson - M.S. 5-3

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Dorothy Morris - M.S. 3-7

National Aeronautics and Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: John Dilley - M.S. 500-309



Report Distribution List - NAS 3-6479 - Quarterly (Continued)

National Aeronautics and Space Administration

Jet Propulsion Laboratories
California Institute of Technology
4800 Oak Grove Drive

Pasadena, California 91103

Attn: John W. Stearns

National Aeronautics and Space Administration

Scientific & Technical Information Agency

P.0. Box 5700

Bethesda, Maryland 20014 (2 + Repro)

National Aeronautics and Space Administration

Western Operations Office

150 Pico Boulevard

Santa Monica, California 90406
Attn: John Keeler

Aeronautical Systems Division
Wright-Patterson Air Force Base
Dayton, Ohio 45433

Attn: George Sherman - API

Aeronautical Systems Division
Wright-Patterson Air Force Base
Dayton, Ohio 45433

Attn: Charles Armbruster - ASRMFP-1

Aeronautical Systems Division
Wright-Patterson Air Force Base
Dayton, Ohio 45433

Attn: John Morris - ASRCNL-2

U,S. Atomic Energy Commission
Germantown, Maryland 20545
Attn: Col. E, L, Douthett

U,S. Atomic Energy Commission
Germantown, Maryland 20545
Attn: Dr. Nicholas Grossman

Chief, Engineering Department

U.S. Atomic Energy Commission
Washington, D.C, 20546
Attn: Herbert D. Rochen RNP

-992-

Air University Library
Maxwell Air Force Base, Alabama
Attn: Director

U.S. Atomic Energy Commission

Technical Information Service Extension
P.0., Box 62

Oak Ridge, Tennessee

Oak Ridge National Laboratory
Post Office Box Y

Oak Ridge, Tennessee

Attn: H, W. Savage

Office of Naval Research
Washington, D.C. 20546
Attn: S. Doroff - Code 438

Armed Services Technical Information Agenc)

Arlington Hall Station
Arlington, Virginia 22212

Aerojet-General Corporation
Technical Library

Building 2015, Department 2410
P.0. Box 1947

Sacramento 9, California

Aerojet-General Corporation
Attn: Robert Gordon

SNAP-8 Program Director
Azusa, California 91703

Aerojet-General Corporation
Attn: John Marick
Azusa, California 91703

AiResearch Manufacturing Company
Sky Harbor Airport

402 South 35th Street

Phoenix, Arizona

Attn: Librarian

AiResearch Manufacturing Company
Sky Harbor Airport

402 South 35th Street

Phoenix, Arizona

Attn: Robert Gruntz



-

iResearch Manufacturing Company
ky Harbor Airport

02 South 35th Street

hoenix, Arizona

ttn: George Wheeler

tomics International
ivision of NAA

anoga Park, California
ttn: L. M. Flower

he Barden Corporation
esearch Precision Division
anbury, Connecticut

ttn: Mrs. Bernice P, Tucos

The Barden Corporation
esearch Precision Division
anbury, Connecticut

rttn: Technical Library

t

Battelle Memorial Institute

505 King Avenue

Columbus, Ohio 43201

Attn: C. M, Allen

The Franklin Institute

Benjamin Franklin Parkway at 20th Street
Philadelphia, Pennsylvania 19103

Attn: William Shuggarts

General Electric Company

Missile & Space Vehicle Department
3198 Chestnut Street

Philadelphia 4, Pennsylvania

Attn: Edward Ray
Mechanical Technology, Inc.
968 Albany-Shaker Roa
Latham, New York

Attn: Dr. Beno Sternlicht

’
d

Mechanical Technology, Inc.
9680 Albany-Shaker Road
Latham, New York

Attn: Eli Arwas

eport Distribution List -~ NAS 3-6479 - Quarterly (Continued)

M.S.A. Research Foundation
Callery, Pennsylvania
Attn: G. E. Kennedy

Pratt & Whitney Aircraft Division
United Aircraft Corporation
East Hartford, Connecticut 06108
Attn: Dr. William Lueckel

Eng. Bldg. 2-H

Pratt & Whitney Aircraft Division
United Aircraft Corporaticn

East Hartford, Connecticut 06108
Attn: R. P. Shenchenko

Pratt & Whitney Aircraft Division
United Aircraft Corporation
East Hartford, Connecticut 06108
Attn: Karl A. Domeisen

Exp. Eng. Eng. 1~F

Rocketdyne

Division of North American Aviation, Inc.
6633 Canoga Avenue

Canoga, California 91303

Attn: Robert Spies

Sundstrand Aviation - Denver

A Division of Sundstrand Corporation
Denver, Colorado 80221

Attn: P. H., Stahlhuth

Southwest Research Institute
8500 Culebra Road

San Antonio, Texas 78206
Attn: Dr. R. A. Benton

The Franklin Institute

Benjamin Franklin Parkway

at 20th Street

Philadelphia, Pennsylvania 19103
Attn: Otto Decker

UAC Library

United Aircraft Research Laboratories
Gate 5R, Silver Lane

East Hartford, Connecticut 06108

-93-



Report Distribution List - NAS 3-6479 - Quarterly (Continued)

Westinghouse Electric Corporation
Research Laboratories

Pittsburgh, Pennsylvania 15236
Attn: Mr., J. Boyd

Westinghouse Electric Corporation
Aerospace Division

Advanced Machine Systems Group
Lima, Ohio

Attn: Allen King

North American Aviation, Inc.

Atomics International

P.0. Box 309

Canoga Park, California 91304

Attn: Director, Liquid Metals Info, Center

National Aeronautics & Space Administration
Lewis Research Center

21000 Brookpark Road

Cleveland, Ohio 44135

Attn: Jack Heller - M.S, 500-201

Aeronautical Systems Division
Wright-Patterson Air Force Base
Dayton, Ohio 45433

Attn: John Zmurk APIP-1

-94-




